Abstract. A critical issue for alcohol-induced liver disease (ALD) therapeutics is the lack of a highly efficient delivery system. In this study, a Puerarin-propylene glycol-liposome system was prepared for the purpose of targeting puerarin, an isoflavon, to the liver. Transmission electron microscope (TEM) results showed the liposomes to be spherical in shape with an average diameter of 182 nm with a polydispersity index of 0.239. The zeta potential of the particles was about −30 mV. The entrapment efficiency of puerarin was above 90%. MTT-based assay in HpeG2 cells showed no significant cytotoxicity in the presence of up to 25% concentration of the system containing 3% puerarin. In vivo performance of this system was studied in mice. Pharmacokinetics and distribution of puerarin-PG-liposome system was studied relative to puerarin solution at the same dose levels. The results show that puerarin-PGliposome prolonged drug retention time and decreased elimination of puerarin in mice (AUC of liposome system and solution was 9.5 and 4.0 mg h L −1 , respectively). Furthermore, propylene glycol (PG)-liposome system enhanced puerarin distribution into liver and spleen, while decreasing puerarin distribution in other tissues. Overall, the puerarin-PG-liposome system showed enhanced therapeutic effect in mice with ALD.
INTRODUCTION
Alcohol-induced liver disease (ALD) progresses from early steatosis, inflammation, necrosis, to fibrosis/cirrhosis and/or hepato-cellular carcinoma (1) . Despite significant advances in understanding of the pathogenesis of alcohol-related liver injury, there are no FDA-approved treatments for ALD (2) (3) (4) . At present, abstinence remains the cornerstone for successful treatment of ALD (5) .
Based on thousands of years of clinical experience, some herbal medicines are potential sources of novel anti-hepatitis drugs that may be used in liver disease therapy (5) (6) (7) . Puerarin is the main component of wild Gregory, which is used to treat various inflammatory diseases, including hepatitis (8) (9) (10) (11) . A recent study showed that puerarin has a protective effect on ALD (12) . However, pharmacokinetic researches revealed that the biological half-life of puerarin was 0.65 ± 0.20 h and MRT 0-∞ was 0.314 ± 0.040 h in rats after 5 mg × kg −1 puerarin single intravenous injection, and it was rapidly eliminated by the kidney (13) (14) (15) . These pharmacokinetic features reduce the clinical application of puerarin in ALD.
Structurally, puerarin is an isoflavon and contains a glucoside residue in the basic structure of daidzein (Fig. 1) . It is classified as a 5-HT2c and GABA receptor antagonist (16) . Its hydrophilic nature allows the kidney to filter it unchanged, resulting in a relatively short half-life.
In order to improve the pharmacokinetic parameters of puerarin including its half-life, plasma clearance (CL), and bioavailability, suitable drug delivery systems are needed. Among various delivery systems, liposomes are the most favorable system because of their high biocompatibility and safety. Liposome consist small, spherical, and enclosed compartment separating an aqueous medium from another by phospholipid bilayer (17) . Several classes of drugs, including anticancer and antimicrobial agents, chelating agents, peptide hormones, enzymes, proteins, vaccines, and genetic materials, have been incorporated into the aqueous or lipid phase of liposome, with various sizes, compositions, and other characteristics, to provide selective delivery to the target site for in vivo application (18) . As drug carriers, liposome has many potential advantages, which include reducing drug toxicity, increasing drug stability, and enhancing drug concentration in some organs, such as the liver or spleen (19) (20) (21) . Since the first liposomal pharmaceutical product, Doxil, received FDA approval in 1995, liposomes have been widely applied as drug carriers. Modifications of liposomes include PEGylation, temperature-sensitive additives, cationic liposomes, and ethanol liposomes. Ethanol liposomes (ethosomes) typically contain 30-45% ethanol, which can provide the vesicles with soft flexible characteristics and allow easier penetration into cell lipid membrane (22) . However, high concentration of ethanol in ethosomes solution is not stable. With ethanol evaporation during storage, ethosomes begin to gather, particle size increases, and loaded drug leaks from lipid vesicles. These problems will offset the advantages of ethosomes as the suitable delivery system for puerarin (23) .
Propylene glycol (PG) has slightly higher oil-water partition coefficient than ethanol. In our previous experiments, a small amount of propylene glycol in the liposomal component has shown similar penetration ability as ethanol. Therefore, a new type of liposome-propylene glycol liposome (PGliposome) was developed (24) . Based on our observation, PG-liposome can maintain stability during long-term storage.
In this paper, PG-liposome system was prepared as puerarin liver-targeted vector. The morphology of puerarin-PG-liposome was observed by transmission electron microscope (TEM). The cellular uptake and cytotoxicity of puerarin-loaded PG-liposome (puerarin-PG-liposome) were observed and compared with puerarin solution. The pharmacokinetics and distribution of puerarin-PG-liposome were studied via intravenous administration. Routine blood indices were used to evaluate the therapeutic effect of puerarin-PGliposome on ALD mice.
MATERIALS AND METHODS

Preparation of Puerarin-PG-Liposome and Puerarin-PGSolution
Preparation of Puerarin-PG-Liposome. propylene glycol. Propylene glycol solution was added slowly into 10 ml 5% trehalose solution with constant rotation of 750 r/min. Puerarin-PG-liposomes were formed after 30 min of continuous stirring containing puerarin at a concentration of 3 mg/mL in puerarin-PG-liposome suspension.
Preparation of Puerarin-PG-Solution. Tween-80 2 mg and puerarin 36 mg were dissolved into 12 mL propylene glycol-water solution (propylene glycol, 5% trehalose solution = 1:5). The concentration of puerarin in puerarin-PG-solution was 3 mg/mL.
Characterization of Puerarin-PG-Liposomes
Morphology of Puerarin-PG-Liposomes
The morphology of puerarin-PG-liposome was observed by transmission electron microscope (TEM) using negative staining with 1% phosphotungstic acid. Size distribution and surface charge of puerarin-PG-liposome was examined by Raman Spectrometer (M67205, Kehuayi Technology Company, Beijing, China). The average particle size and surface charge of puerarin-PG-liposome were reported from at least three samples.
Puerarin Entrapment Efficiency
The puerarin-PG-liposomes were separated from the free drug using Sephadex G-50 column. The effluent fluid containing puerarin-PG-liposome was collected and lyophilized at 5 × 10 −4 Pa pressure for 20 h. Puerarin-PG-liposome lyophilized products were dissolved in anhydrous alcohol. The content of puerarin was determined by HPLC (chromatographic column = Kromasil C18 (250 × 4.6 mm, 5 μm); mobile phase; methanol = water (25:75); flow rate = 1.0 mL/min; UV detection wave length = 250 nm). Each sample was analyzed in triplicate. Entrapment efficiency was calculated with equation as reported previously (25) .
Cytotoxicity In Vitro
MTT-based assay was performed to evaluate the cytotoxic effects of puerarin-PG-liposome system, puerarin-PG-solution, and PG-liposome in HepG2 (gifted from the Institute of Biological & Natural Medicine, Wenzhou Medical University) cells in vitro. Vector concentration was set at five levels-5, 10, 15, 25, and 50% concentration in final volume (Table I) . HepG2 cells were propagated in Dulbecco's modified Eagle medium (DMEM) (Genome Inc., Zhejiang Province, China) containing 10% fetal calf serum, 100 IU/mL penicillin, 100 mg/ mL streptomycin, and 2 mmol/L L-glutamine at 37°C under a 5% CO 2 atm. Cells harvested in a logarithmic growth phase were seeded on 96-wells at a cell density of 0.5 × 10 4 cells per well. After incubating the cells in a logarithmic phase with various concentrations of puerarin-PG-liposome, puerarin-PG-solution, or PG-liposome for 4 h, MTT assay was performed and the percent cell viability was determined. 
Cellular Uptake In Vitro
Based on results from toxicity study, puerarin-PGliposome and puerarin-PG-solution concentration was maintained below 25% in the drug cellular uptake study. Drug permeation into HepG2 cells was performed in 24-well cell culture plates (Coster Inc, USA). Cell suspension volume of 300 μL (8 × 10 5 cells) /well was seeded in each well. After incubating the cells for 24 h, 250 μL puerarin-PG-liposome or puerarin-PG-solution (puerarin concentration: 2 μg/μL) were added. The medium was removed at different time intervals (0, 30, 60, 90, 120, 180, and 240 min), and cells were washed four times with PBS at 4°C. Cells were then suspended and digested by incubation with 500 μL 0.1% Triton X-100 overnight at 4°C. This mixture was filtered through 0.45 μm filter, and the extent of puerarin uptake into the cells was determined by HPLC (chromatographic column = Kromasil C18 (250 × 4.6 mm, 5 μm); mobile phase; methanol = water (25:75); flow rate = 1.0 mL/min; UV detection wave length = 250 nm).
Pharmacokinetics and Distribution of Puerarin-PG-Liposome In Vivo
Swiss hasse mice (purchased from the Laboratory Animal Center of Wenzhou Medical University) were fasted for at least 12 h prior to the pharmacokinetic experiments while given water ad libitum. Each animal (equal number of male mice, n = 6 each group) received 5 mg kg −1 dose of puerarin by tail vein either in PG-liposome or PG-solution formulation. After injection, the mice were sacrificed at 0, 0.083, 0.167, 0.333, 0.667, 1.333, 2.0, 4.0, 8.0, 12, and 24 h. Blood samples were collected in heparinized tubes, and related organs (including spleen, kidney, liver, lung, and heart) were also collected in tubes from all mice. After weighing, tissue samples were processed with methanol (pH = 9) by tip sonication for 10 min in a 4°C water bath, followed by centrifugation at 15,000 rpm. The supernatant fluid was transferred into blank tubes. Puerarin concentration in plasma or tissues was determined by HPLC as described in "Puerarin Entrapment Efficiency" section.
Puerarin concentration profiles in plasma and tissues were analyzed with DAS (Drug Analysis System 1.0). Pharmacokinetics was investigated by evaluating area under the curve from time 0 to 12 h (AUC 12h ), terminal half-life (t 1/2 ), mean residence time (MRT), total body clearance (CL), and volume of distribution at steady state (Vss).
Preliminary Evaluation of the Therapeutic Effect of Puerarin-PG-Liposome on ALD Mice
Animal experiments in this study were carried out in compliance with the guidelines for the animal experimental center of Wenzhou Medical College. Swiss hasse mice were pair-fed Lieber DeCarli liquid diet containing 5% ethanol, or a control diet in which ethanol was substituted Fig. 2 . Physical characteristics of puerarin-PG-liposome: a microphotographs of liposome (×100,000), observed via transmission electron microscopy; b size distribution of liposome; c zeta potential of liposome iso-calorically by dextrin maltose for 8 weeks. Ethanol was introduced gradually by increasing the content by 1% every day until the mice were consuming diets containing 5% ethanol for up to 8 weeks. During the entire feeding period, the mice of model group and the mice treated with puerarin-PG-solution and puerarin-PG-liposome were observed to consume similar volumes of ethanol diets daily (calculated according to the ethanol quality: 8 g/ In the treatment groups, drugs were administered by tail vein every day for 8 weeks. The mice in normal and model control groups were given the same volume of normal saline.
Routine blood indices were used to evaluate the therapeutic effect of puerarin-PG-liposome on ALD mice. Serum alanine transaminase (ALT), aspartate aminotransferase (AST), triglycerides, and cholesterol were determined using a clinical chemistry analyzer system (PROCHEM-V; Drew Scientific, Barrow-in-Furness, UK).
Statistical Analysis
One-way ANOVA and Student's t test or Kruskal-Wallis test were adopted for statistical comparison using the SAS 8.01 (1999-2000, SAS Institute Inc., Cary, NC, USA). The data difference was considered to be statistically significant when the P value was less than 0.05.
RESULT AND DISCUSSION
Characterization of Puerarin-PG-Liposomes
As reported above, micromorphology of liposome was observed via transmission electron microscopy. As shown in Fig. 2 , puerarin-PG-liposome was characterized by spherical morphology, and no aggregation or fusion was observed. Puerarin-PG-liposome showed a mean particle size of 182 nm, with a polydispersity index of 0.239. The zeta potential of puerarin-PG-liposome was slightly negative (about −29.4 mV). In addition, the entrapment efficiency of puerarin-PG-liposome reached 93.6 ± 1.7%, which was much higher than puerarin solid lipid nanoparticle and puerarinloaded liposome reported previously (26) . The presence of propylene glycol in liposomal structure appears to increase the entrapment efficiency of puerarin-PG-liposome system when compared with the conventional puerarin-loaded liposomes.
Results of Cytotoxicity Assay and Drug Cellular Uptake
From MTT results, liposome concentration and drug concentration contributed to the cytotoxicity of puerarin-PG-liposome and puerarin-PG-solution (both puerarin concentration in PG-liposome and PG-solution was 3 mg/mL). As shown in Fig. 3a , puerarin-PG-liposome under low concentration (≤25%) showed little difference in cell viability with puerarin-PG-solution (P > 0.05). At high concentration (>50%,), however, puerarin-PG-liposome caused almost half of the cells to die (cell viability = 60.2%). In contrast, cell viability of puerarin-PG-solution was 82.9%, which was much higher than that of puerarin-PG-liposome (P < 0.05). From these result, it was concluded that puerarin-PG-liposome at low concentration (<25%) had good safety profile for HepG2 cells. In order to avoid any cytotoxic effects of PG-liposome, cellular uptake study Values represent mean ± SD (n = 5). Asterisk represents P < 0.05 vs. puerarin-PG-solution was conducted with puerarin-PG-liposome concentration of less than 25%. Figure 3b , c shows the cellular uptake of puerarin-PGliposome or puerarin-PG-solution puerarin. Cellular uptake of puerarin-PG-liposome at each time point (2, 4, 6, 8, 12 h ) was significantly higher than that of puerarin-PG-solution (P < 0.05). With increasing liposome concentration, the rate and amount of drug uptake into cell was significantly increased. The sequence of the cell penetration efficiency for puerarin-PG-liposome was higher concentration (110 ng/ mL, 6 h) > middle concentration (88 ng/mL, 5 h) > lower concentration (60 ng/mL, 8 h) > drug solution (36 ng/mL, 6 h). But in puerarin-PG-solution, no dose-dependent relationship was observed. There are two ways for drug to enter cell membrane in PG-liposome: (1) free drug enters the cell by simple diffusion; (2) cell could take up drug loaded liposome particles by endocytosis (27) . One of the previous studies showed that cell endocytosis was a dose-dependent process (28) .
Propylene glycol (PG) has been widely utilized as a penetration enhancer and adjuvant in topical formulations. It has been already assayed as a component of lipid vesicles by Elsayed et al. who tested the PG-liposomes as carriers for skin delivery of cinchocaine (29) . Therefore, PGliposomes have better penetration effects than PG-solution. With the endocytosis of liposomes, puerarin-PG-liposomes can realize high dose in cell. Therefore, the promoted cellular uptake of puerarin may be resulted from the enhanced membrane penetration of PG and the endocytosis of liposomal system.
Pharmacokinetics and Distribution of Puerarin-PG-Liposome
As shown in Table II , the main pharmacokinetic parameters of puerarin-PG-liposome were significantly different from those of puerarin-PG-solution. The AUC and t 1/2(ke) of the puerarin-PG-liposome in plasma were 2.37 and 4.16 times of those of puerarin-PG-solution respectively (P < 0.05). Clearance (CL) of puerarin-PG-liposome was much lower than that of puerarin-PG-solution (1.903 vs 4.847 h, P < 0.05). From these results, it can be concluded that puerarin-PG-liposome prolonged drug retention time and decreased elimination of puerarin in vivo. Therefore, puerarin pharmacokinetic parameters in vivo can be improved with puerarin loaded in PG-liposome. Figure 4 shows puerarin content in organs at 6 h after an i.v. single dose of 5 mg/kg puerarin with puerarin-PGliposome and puerarin-PG-solution. From the profile, it can be observed that puerarin-PG-liposome delivered a much higher amount of puerarin into liver and spleen (P < 0.05). Puerarin levels in liver and spleen of puerarin-PG-liposome were about twofold higher than that of puerarin-PG-solution. In kidney, however, puerarin amount of puerarin-PGliposome was slightly lower than that of puerarin-PGsolution (P > 0.05). In heart and lung, puerarin levels showed little difference between puerarin-PG-liposome and puerarin-PG-solution (P > 0.05). Overall, this data shows that PGliposome enhanced puerarin distribution into liver and spleen at the expense of other organs. The distribution behavior of puerarin-PG-liposome would benefit the therapeutic effect of puerarin in liver and spleen diseases.
Preliminary Evaluation of the Therapeutic Effect on ALD Mice
Routine blood indices were used to evaluate of the therapeutic effect of puerarin-PG-liposome on ALD mice. As shown in Table III , there was a significant increase in serum ALT and AST activities after alcohol feeding (P < 0.05). Treatment with puerarin-PG-liposome (treatment group II) and puerarin-PG-solution (treatment group I) could significantly reduce both ALT and AST levels (P < 0.05). Furthermore, plasma levels of total cholesterol and triglyceride in puerarin-PG-liposome and puerarin-PG-solution groups were lower than those in the model group (P > 0.05). As expected, puerarin-PG-liposome (treatment group II) showed better curative effects than puerarin-PG-solution (treatment group I) on ALD mice according to all the plasma biochemical indexes.
CONCLUSIONS
The clinical utility of most conventional therapeutics is limited either by the inability to deliver therapeutic drug concentrations to the target tissues or by severe and harmful toxic effects on normal organs and tissues. In this paper, PGliposome was used to improve the pharmacokinetics and distribution of puerarin in vivo, which would enhance the therapeutic effect of ALD.
The results show that puerarin-PG-liposome had a homogeneous spherical shape, with an average diameter of 182 nm and a relatively narrow, monodisperse size distribution. From MTT assay, liposomal concentration less than 25% in final volume is a safe dosage range that can avoid severe cytotoxic effects. Pharmacokinetic data indicated that puerarin-PG-liposome increased the AUC in plasma, Blank control group pair-fed untreated mice, Model group model alcohol feeding mice, Negative control group model mice treated with PGliposome without puerarin (40 mL/kg), Treatment group I model mice treated with puerarin-PG-solution (40 mL/kg), Treatment group II model mice treated with puerarin-PG-liposome (40 mL/kg). Values represent mean ± SD (n = 7). Asterisk represents P < 0.05 vs. Model group prolonged puerarin retention time, and decreased elimination of puerarin in vivo. Furthermore, PG-liposome enhanced puerarin distribution into liver and spleen, while decreasing puerarin distribution in other tissues. Preliminary observation of the therapeutic effect on ALD mice also showed the enhanced therapeutic effect of puerarin-PGliposome on ALD mice. Although encouraging results have been observed in this study, puerarin-PG-liposome system's ability to provide promising therapeutic effects in patient population remains to be studied. For future development of PG-liposome system, the clinical therapeutic effects and toxic side effects of puerarin-PG-liposome should be investigated. Therapeutic mechanism of puerarin-PG-liposome for ALD at a biological level should also be studied. With the further research, puerarin-PGliposome has a potential to be developed as a targeted delivery system for ALD.
